Abstract Freshwater mussels face threats from climate change and changing land use that are dramatically altering their habitat. The health of mussel populations and the state of current and past environmental conditions can be monitored by measuring mussel growth and glycogen levels. In this study, we measured growth and glycogen levels in mussels from two small river basins impacted by different land uses. The Snake River in the St. Croix Basin, Minnesota, had low levels of suspended sediments and was surrounded mostly by forest and some developed land. The Chippewa, Cottonwood, and Le Sueur rivers in the Minnesota River Basin had significantly higher annual suspended sediment loads and highly agricultural basins. Mussel growth was highest in the Le Sueur and Cottonwood rivers followed by the Chippewa and the Snake rivers. Mussels in the Minnesota Basin rivers all had higher mussel foot glycogen concentrations than the Snake River. These patterns were similar for two mussel species, suggesting that environmental conditions are likely determining levels of growth. Although agriculture had a negative effect on mussel population abundance and diversity, it had a positive effect on growth and glycogen levels.
Introduction
Agricultural land use can result in increased nutrient and sediment loads in aquatic systems (Helton et al., 2011; Hladyz et al., 2011; Schilling et al., 2012; Woodward et al., 2012; Garcia et al., 2017) . Freshwater mussels are among the most endangered organisms in freshwater (Strayer et al., 2004; Haag, 2012; Lopes-Lima et al., 2018) ; they are important in stream systems as ''ecosystem engineers.'' They can influence nutrient cycling and primary production through their filter feeding and excretion (Newton et al., 2011; Atkinson et al., 2013; Strayer, 2014) , and through burrowing can modify the benthic environment (Gutiérrez et al., 2003; Allen & Vaughn, 2011; Albertson & Allen, 2015; Chowdhury et al., 2016) . A number of studies have suggested that increased levels of agricultural activity in a basin may have significant impacts, reducing freshwater mussel abundance and richness (Arbuckle & Downing, 2002; Poole & Downing, 2004; Atkinson et al., 2014; Cao et al., 2013 Cao et al., , 2015 Randklev et al., 2016) . Despite these studies, the disentangling of factors (e.g. increased sedimentation, nutrient loading, pesticides and herbicides) responsible for negative impacts on mussel communities is difficult (Brim Box & Mossa, 1999; Newton et al., 2008; Haag, 2012) .
Many studies of the impact of agriculture on mussel abundance focus on the likely influence that high amounts of total suspended solids (TSS-both organic and inorganic materials) in agricultural streams have on these filter feeding organisms. Hansen et al. (2016) , modeling the relationship between mussel density and TSS concentrations, found that under scenarios of increased sediment loads, mussel density may decline. They also found that there was an important feedback between mussel populations and suspended sediment loads, with larger populations of mussels moderating the amount of suspended solids in the water column. High concentrations of suspended solids, especially the inorganic fraction of TSS, promote lower mussel abundance through reduced recruitment (Ö sterling et al., 2010; Gascho Landis et al., 2013; Ö sterling, 2015; Gascho Landis & Stoeckel, 2016) , inducing physiological stress (Aldridge et al., 1987; Payne et al., 1999) and reducing feeding/clearance rates (Moore, 1977; Hornbach et al., 1984; Vaughn & Hakenkamp, 2001; Gascho Landis et al., 2013) . Biological mechanisms through which TSS affected gravidity were hypothesized to be either that highinorganic TSS-lowered female-sperm encounter rates, or triggered an increase in pseudofeces, which could bind sperm in mucus and lead to egestion before fertilization or to juvenile recruitment failure (Ö sterling et al., 2010; Gascho Landis et al., 2013; Gascho Landis & Stoeckel, 2016) .
Regardless of the potential negative impacts of intensive agriculture on mussel abundance and richness, few studies have examined the impacts of these activities on the physiology and growth of individual mussels. Gascho Landis et al. (2013) and Gascho Landis & Stoeckel (2016) found that while increasing TSS resulted in reduced reproduction, there was no impact on growth rates. Research studies have used growth rates to evaluate changes in food source, inundation frequency, temperature, and release of environmental pollutants (Klunzinger et al., 2014; Negishi et al., 2012 Negishi et al., , 2014a Fritts et al., 2017) . Growth rate has been found to differ between sexes of some mussel species where males often reach a larger maximum size, but this is not true for every species (Haag & Rypel, 2011) . Previous studies also found an inverse relationship between faster growth rates and longevity with faster growing mussels living for a shorter amount of time (Haag & Rypel, 2011; Sansom et al., 2016; Helama et al., 2017) . Haag (2012) has grouped species of mussels into one of three groups that display different life history traits. Equilibrium species have longer life spans and higher ages at maturity coupled with lower levels of fecundity, while opportunistic species have short life spans and lower ages at maturity and high fecundity. Finally, periodic species display moderate to high growth rates and low to intermediate fecundity, life span and age at maturity. It is possible that the differences in growth rates between sexes and species displaying different life history traits may result in certain species being favored in environments that are stressed. The stresses many result in reduced growth or altered reproductive condition in some species. Therefore, the study of growth provides information about the health and future of mussel populations as well as a reflection of the environmental history of the ecosystem they live in.
Another indicator of mussel health is glycogen, a form of carbohydrate storage (Stetten & Stetten, 1960) . As the principal carbohydrate storage compound in bivalve mollusks (Gabbott, 1975) , glycogen level is related to growth because it indicates how much stored energy is available for metabolism, growth, and reproduction. Various researchers used glycogen levels as a measure of the energetic status of mussels (Naimo et al., 1998; Newton et al., 2001; Beggel et al., 2017) . Studies using glycogen as a measure of stress have examined food availability (Patterson et al., 1999) , relocation (Chen et al., 2001; Newton et al., 2001) , ammonia concentration (Beggel et al., 2017) , water discharge (Fritts et al., 2015b) and temperature (Fritts et al., 2015a; Payton et al., 2016; Beggel et al., 2017) (Musser & Kudelka, 2009; Yuan et al. 2015) . To convert the landscape to highly productive agriculture, major modifications have been made to the landscape to accelerate the removal of water from the land including stream straightening, creation of ditches and extensive subsurface tile drainage network (Musser & Kudelka, 2009 ). The accelerated upstream drainage, coupled with increases in precipitation, has resulted in a significant increase in discharge (Novotny & Stefan, 2007; Johnson et al., 2009a, b; Schottler et al., 2014) . This increased discharge is likely responsible for the increased sediment transport within the MRB (Belmont et al., 2011; Schottler et al., 2014) . It appears that the most recent sediment input originated from near channel sources such as bank, bluffs and channel incision (Belmont et al., 2011) , and not from upland sources such as agricultural field run-off. There is some evidence that TSS concentrations, while high, have declined in the past 3-4 decades (Johnson et al., 2009a, b) .
The changes in the MRB due to the draining of wetlands and increased agriculture over the last century as well as more recent changes in hydrology are often cited as the main factors in the decline of the mussel community in this basin. Bright et al. (1990) indicated historically there were 37 mussel species in the MRB with 20 species still present based on their sampling in 1989. An updated survey by the Minnesota Department of Natural Resources (MN DNR) indicated that there were historically 40-41 species (there is uncertainty about Quadrula fragosa) and currently there are 23 species extant (MN DNR, 2007) . Hornbach et al. (2019) found that mussel abundance and richness were significantly lower in three rivers in the MRB as compared to a tributary (the Snake River) of the St. Croix River. While there were major impacts in the St. Croix River basin during the late 1800s due to extensive logging (Waters, 1977) , the Snake River basin had significantly less land in agriculture than the MRB rivers and it also has minimal urban land. Despite MRB rivers having fewer mussels and fewer species, the maximum sizes of some mussel species inhabiting both river systems were greater in the MRB rivers compared to those found in the Snake River (Hornbach et al., 2019) . However, the cause of these differences in size is unknown and could be due to differences in age structure of populations rather than differences in growth rates.
Based on the numerous studies that suggested negative impacts of sediment on mussels, we hypothesized that glycogen levels and growth would be lower in systems with higher sediment loads. Thus, we examined growth, as assessed by external growth rings, and nutritional status, as assessed through tissue glycogen in rivers with varying degrees of sediment load. Second, we hypothesized that females would have lower glycogen concentrations and growth than males since they would likely partition more energy to reproduction. Third, we hypothesized that growth and glycogen concentrations would be related to the life history traits displayed by various species with growth and glycogen concentration being lowest in equilibrium species and greatest in opportunistic species.
Materials and methods

Study area
We collected mussels in four rivers in Minnesota (Fig. 1) . Three of the rivers are tributaries of the Minnesota River and one is a tributary of the St. Croix River. These river systems have differing amounts of agricultural land and suspended sediment loads (Table 1) . We considered the Snake River a ''reference'' site for the study with minimal agricultural land use with increasing potential land use impacts from the Chippewa River to the Cottonwood River with the greatest impacts in the Le Sueur River.
Glycogen analysis
We analyzed tissue glycogen content to assess the relative health of mussels among the four river systems. Foot tissue biopsies were taken from 20 to 26 individuals from each of two species Lampsilis cardium and Lasmigona complanata from each river in 2015. All specimens were collected between September 1-5 to reduce seasonal variation in 0 50 25 Kilometers
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Le Sueur River glycogen content influencing the results. We chose these two species because they were found in all four rivers and because they represent two different subfamilies of unionoids with different life history traits (L. cardium-a member of the subfamily Ambleminae (Williams et al., 2017 ) with a periodic life history; L. complanata-a member of the subfamily Unioninae (Williams et al., 2017) with an opportunistic life history.) Glycogen concentration was assessed using techniques outlined in Naimo et al. (1998) by the U.S. Geological Survey (USGS) laboratory in La Crosse, WI. We compared the glycogen concentration (in mg/g wet weight) between species and among rivers using a two-way analysis of variance. No transformation of data was needed since the data were normally distributed (Shapiro-Wilk W test). Because L. cardium is sexually dimorphic, we examined the difference in glycogen concentration between males and females, again using a two-way analysis of variance with river, sex and their interaction as independent variables. Finally, because some female L. cardium were gravid we compared glycogen concentration among rivers for males only to control for the confounding factor of reproductive condition.
Mussel growth
We followed the methods described in Hornbach et al. (2014) to assess mussel growth. We measured external shell rings to assess mussel growth of L. cardium. We collected approximately 25 individuals of L. cardium from each of three areas (upper, middle and lower reaches) of each river (Fig. 1) . We also assessed growth of 24 Amblema plicata in the Chippewa and Snake rivers. While we would have preferred sampling L. complanata for growth as we had for glycogen in all four rivers, growth was assessed in 2017 while glycogen levels were assessed in 2015 and the small number of L. complanata occurring in the rivers made this infeasible. We measured the maximum anterior to posterior length of presumptive annuli approximately parallel to the shell hinge (see Fig. 2 in Zieritz & Aldridge, 2009 ) with a caliper to the nearest 1 mm and made note of whether the umbos were eroded. While internal ring counts have been used to estimate mussel age (Haag & Commens-Carson, 2008) , this method requires sacrificing animals and we did not have permission to do this. Sansom et al. (2013) found that despite differences in internal and external age estimates, growth estimates were consistently in agreement between the two methods. Since determining age from growth lines, especially external growth lines, is controversial (Downing et al., 1992) , we focused on assessing growth over rest intervals and not age. Even when assessing growth with external growth lines there are still some issues since disturbances may result in the production of external growth lines. Morris & Corkum (1999) suggest more rest lines are Lenz et al. (2003) found on shells in areas with more disturbances, in their case rivers with grassy banks verses those with forested banks. Anthony et al., 2001) ] to estimate parameters of the von Bertalanffy model of growth
ÀKðtÀt 0 Þ Þ where L t is length (mm) at time t (age), L ? is length (mm) at time infinity (the predicted mean maximum length for the population), K is a growth constant that describes the rate at which L ? is attained, t is age (years) and t 0 is the time at which length = 0 (Haag & Rypel, 2011 ). Since we cannot be sure that the external rings we measured were annual, the t in our analysis is the time between the ring depositions. We calculated K and L ? using values for L t and L t?1 pooled for all individuals in each of the three areas from each river and using ANOVA tested whether location (river), sex and their interaction varied for these two variables. While there are some difficulties in estimating parameters of the von Bertalanffy models (Hua et al., 2016) they remain useful for comparing growth in mussel populations.
Since there can be an interaction between K and L ? , it is often difficult to interpret these values. In this study an analysis of covariance (ANCOVA) with L t?1 as the dependent variable, location as the independent variable and L t as the covariable allows for the examination of the differences among locations and sexes in K and L ? . We conducted a similar ANCOVA to examine differences in K and L ? between A. plicata and L. cardium from the Snake and Chippewa Rivers. Using ANCOVA, we also examined the growth interval between adjacent external rings and determined whether these growth intervals differed among populations and sexes, adjusting for the size of the organism (the starting length of the external ring for each growth interval). These growth intervals were log-transformed before analyses.
Water quality
Water quality data were queried from the Minnesota Pollution Control Agency's (MNPCA) environmental monitoring database (https://www.pca.state.mn.us/ data/environmental-quality-information-system-equis) for sites near those where we sampled mussels. We were able to obtain data for TSS, ammonia as nitrogen (N), nitrate-nitrite N, total phosphorus (P), chlorophyll a (chl a) and water temperature. Since the water quality data were not always collected in the same year for all rivers, we chose only those years when data were available for all rivers. For water temperature, we used data from 2009 to 2015 for May-September. All of the rivers had data available for those years and months. We compared the water quality parameters for the four rivers using a mixed model ANOVA with year as a random variable and river as the fixed effect. For water temperature both year and month were used as random variables.
All statistical analyses were conducted with JMP ProÒ version 13 (SAS Institute Inc., Cary, NC).
Results
Glycogen
The glycogen concentration of mussels varied significantly between species and among rivers ( Fig. 2 two-way ANOVA; Location F 3,183 = 91.4, P \ 0.0001; Species F 1,183 = 15.4, P = 0.0001; Location*Species F 3,183 = 3.2, P = 0.03). The glycogen concentration of L. complanata was greater than L. cardium, and glycogen concentration increased with increasing agricultural impact in the basin. The significant interaction term and a post hoc Tukey test indicated that in the Snake and Chippewa Rivers glycogen content was not significantly different among species while in the Cottonwood and Le Sueur rivers the glycogen content was significantly greater in L. complanata than L. cardium (Fig. 2) . There was no significant difference in glycogen concentration between sexes for L. cardium (two-way ANOVA; Location F 3,90 = 670, P \ 0.0001; Sex F 1,90 = 2.8, P = 0.6; Location*Sex F 3,90 = 9.0, P = 0.8). However, this is complicated by the fact that all of the females collected from the Chippewa River were gravid, while none of the females from the Snake River were gravid. In the Cottonwood and Le Sueur Rivers, 78% and 83% of females were gravid, respectively. There was nearly a significant difference between these groups with gravid individuals having higher amounts of glycogen with no significant interaction between location and gravidity (two-way ANOVA; Location F 1,14 = 133.1 P = 0.0015; Gravidity F 1,14 = 4.5, P = 0.06; Location*Gravidity F 1,14 = 0.1, P = 0.7). In the Chippewa River, even though all females were gravid, there was no significant difference in glycogen concentration between the sexes (t test; t 8 = 0.13, P = 0.9). This makes disentangling the effect of river and reproductive status difficult. Thus, we conducted an analysis of glycogen concentration of males only (14-19 males per river) and found that the trend of increasing glycogen concentration with increasing agriculture followed the same trend as for all L. cardium that was seen in Fig. 2 (One-way ANOVA for males; Location F 3,64 = 17.2, P \ 0.0001).
Mussel Growth
Lampsilis cardium grew fastest in the Le Sueur River with slower growth in the Cottonwood, Chippewa and Snake rivers, respectively. There were a number of analyses that supported this conclusion. An analysis of covariance with L t?1 as the dependent variable, location and sex as independent variables, L t as the covariable and their interactions showed that there were significant influences of all the independent variables and the covariable as well as most interactions on the dependent variable ( Fig. 3 ; Table 2 ). Figure 3 also shows that there were very few individuals from the Snake River with initial rest lines of length \ 50 mm. This was due to most of the individuals in the Snake River having eroded umbos. To examine whether this fact influenced our assessment of growth, we re-ran the ANCOVA outlined above for individuals with an L t C 50 mm. The results of this ANCOVA were essentially the same as those given in Table 2 . We also found a good deal of variation in the value of L t?1 when L t = 0 (6-55 mm; Fig. 3 ). These were only for individuals found in the MRB. We conducted an ANOVA with values of L t?1 when L t = 0 as the dependent variable and river, sex and their interaction as independent variables. There was a significant difference between rivers (F 2,92 = 7.4, P = 0.001) but no difference between sexes or the interaction of sex and river (Sex
Increasing Sediment Load
Numbers at bottom are sample sizes Fig. 2 Box plots of glycogen concentration (in mg/g wet weight) of two species of mussels, Lampsilis cardium and Lasmigona complanata from four rivers in Minnesota.
Suspended sediment loads increase from the Snake through the Le Sueur River. Bars with the same letters are not significantly different F 1,92 = 0.1, P = 0.7; Sex*River F 2,92 = 1.6, P = 0.2). A post hoc Tukey test indicated that the average L t?1 was greatest for the Le Sueur River (30.8 mm), followed by the Cottonwood River (24.5 mm) and then the Chippewa River (18.9 mm).
A similar analysis using ln(growth interval) as determined as the difference in length between adjacent external growth lines as the dependent variable again showed that the independent variables and the covariable as well as most interactions were significant (Fig. 4, Table 3 ). A post hoc Tukey test showed that growth intervals followed the trend Le Sueur River C Cottonwood River [ Chippewa River [ Snake River. A similar analysis for A. plicata showed that growth intervals were also greater in the Chippewa as compared to the Snake River (Fig. 5) . L. cardium had larger growth intervals than A. plicata (Table 4 -Two-way ANCOVA) in both the Snake and Chippewa Rivers and the significant interaction term between river and species indicated that while growth intervals for large L. cardium converged for the Snake and Chippewa, large A. plicata in the Snake continued to grow larger than in the Chippewa (Fig. 5) .
We also calculated values of K and L ? for the three areas within each river. For L. cardium there were significant differences in K among locations and sexes but there was not a significant interaction term (Table 5 -Two-way ANOVA: Location F 3,23 = 5.8, P = 0.007; Sex F 1,23 = 5.2, P = 0.04; Location*Sex F 3,23 = 1.4, P = 0.3). There was a significant difference in L ? between sexes, with males larger than females, but no differences among locations or a significant interaction (Table 5 -Two-way ANOVA: Location F 3,23 = 0.03, P = 0.99; Sex F 1,23 = 11.2, P = 0.004; Location*Sex F 3,23 = 0.6, P = 0.6). For A. plicata K was significantly greater for the Chippewa population than the Snake population but there was no significant difference between L ? (Table 5-t test: K -t 3.1 = 3.8, P = 0.03; L ? -t 2.9 = 0.8, P = 0.5).
Water quality
There were significant differences in water temperature among the rivers (Fig. 6 ANOVA: F 3,1687 = 126.9, P \ 0.0001). A Tukey post hoc test showed that the Snake River was significantly cooler than any of the MRB rivers. There were also significant differences among rivers in a number of water quality parameters ( Generally, the Snake River had lower levels of these constituents compared to the rivers in the MRB. In addition, levels of ammonia-N varied among rivers with the Le Sueur having significantly higher levels than the other rivers (Fig. 8, F 3 ,498 = 14.6, P \ 0.0001). 
Discussion
Measured declines in mussel populations over the past century in many rivers across the U.S. have been attributed to a variety of causes, including increases in water velocity, shear stress and suspended sediment loads. These factors have been hypothesized to interfere with filtration, fertilization, recruitment and establishment of juvenile mussels in several studies (Reid et al., 2012; Gascho Landis et al., 2013; French & Ackerman, 2014; Gascho Landis & Stoeckel, 2016; Hansen et al., 2016; Stoeckel & Geist, 2016; Hornbach et al., 2019) . However, our results suggest highsuspended sediment loads may not affect mussel glycogen content or growth in a negative way. Therefore, declining population size may not be correlated with growth or condition of adult mussels found in these rivers. Despite sex and species differences, the variability across the river systems in this study was a constant determinant of growth suggesting that environmental conditions (nutrients, food availability and temperature) are driving the significant differences seen in growth and glycogen level. However, the equilibrium species A. plicata, was not found often in the rivers with the highest sediment loads suggesting species with this life history strategy may be disproportionately affected (Hornbach et al., 2019) . Many environmental factors (e.g. geology, other types of land use besides agriculture, regulation by dams, etc.) vary among the rivers investigated in this study and each could be responsible for the discrepancies in growth seen in the results. However, it is difficult to separate these conditions since they could not be controlled for. Most of the variability across rivers is likely influenced by surrounding land use, hydrology, and latitude as well as the underlying geology. We hypothesized that glycogen levels in mussels would be lower in areas with greater sediment loads due to the stress-increased loads would likely place on them. Fritts et al. (2015b) found that glycogen levels declined with increasing discharge levels, attributing this to a cessation of feeding during high-flow events likely due to increased levels of suspended solids. Tuttle-Raycraft et al. (2017) found that higher suspended solids (in this case a mix of organic and inorganic suspended solids) reduced feeding in mussels. Gustafson et al. (2005) found no significant difference in glycogen levels for Elliptio complanata from agricultural areas compared to forested areas although hemolymph glucose levels were significantly higher in forested sites. Despite the potential stress imposed by high levels of suspended solids in the rivers of the MRB we found higher glycogen levels in basins with higher amounts of agriculture and suspended solids for both species we examined. A number of studies showed that other types of stressors can also influence glycogen levels. Haag et al. (1993) , Baker & Hornbach (2000) and McGoldrick et al. (2009) found that unionid mussels infested with zebra mussels had lower glycogen or carbohydrate levels than non-infested mussels. Temperature stress was associated with decreases in glycogen concentration in Elliptio crassidens, but not in Villosa vibex (Fritts et al., 2015a) at temperatures that were generally (25, 30 and 35°C) than averages at our study sites (18-22°C). Payton et al. (2016) found differing responses in glycogen to increased temperature (ponds kept at * 2.5°C warmer than ambient temperatures). While there was no difference between species under ambient temperatures, Villosa lienosa (a thermally tolerant species) showed an increase in glycogen levels with chronic warming while, V. nebulosa (a thermally sensitive species) showed no change in glycogen with warming. They suggested that in the thermally tolerant species the increase in glycogen might be due to a decline in the metabolic breakdown of stored glycogen. In our study, temperature was lowest in the Snake River and higher in the rivers of the MRB. Lampsilis cardium is considered a thermally sensitive species (Waller et al., 1999; Spooner & Vaughn, 2008) and juvenile L. complanata have lower thermal tolerance than a number of other species (Ganser et al., 2013) and thus the higher levels of glycogen in the warmer streams do not conform to the results of Fritts et al. (2015a) . Patterson et al. (1999) found that two species of mussels held in quarantine without food had lower glycogen levels than those held with food. Similarly, Naimo & Monroe (1999) found that mussels held in a pond had 80% lower glycogen in foot tissue compared to mussels from their native environment. The levels of glycogen found in our study were of the same order of magnitude as levels found in other studies (Table 6 ). In addition to differences in glycogen levels among river systems, we found that the glycogen concentration of L. complanata was greater than that of L. cardium. Lasmigona complanata displays opportunistic life history traits while L. cardium displays periodic life history traits (moderate to high growth rates, low to intermediate fecundity, life span and age at maturity -Haag, 2012) . One might expect opportunistic species to have lower glycogen concentration because of the higher growth rates and reproductive output. However, this was not the case in our study mainly due to the high-glycogen concentration of L. complanata in the Le Sueur River that had the highest degree of agricultural impact (i.e. high levels of NO 2 -NO 3 , ammonia-N, TSS and P).
While the differences in life history traits appear to influence glycogen levels it is also possible that reproductive condition within a species may affect energy stores. Past studies showed the relationship between glycogen concentration and reproductive condition in freshwater mussels is variable. Gustafson et al. (2005) found hemolymph glycogen values were lower in E. complanata that were gravid. However, Baker & Hornbach (2001) found that the carbohydrate concentration did not differ among brooding and nonbrooding Actinonaias ligamentina. Payton et al. (2016) suggest that glycogen stores might be allocated to reproduction rather than growth in a thermally tolerant species when challenged at high temperatures indicating there may not necessarily be a link between glycogen stores and measures of growth. In our study we found that there was no difference in glycogen concentration between males and females and no difference in the one river where we could compare brooding L. cardium females with males supporting a number of studies that indicated no difference in glycogen content and reproductive condition or sex.
We examined growth in addition to glycogen concentration in our study. Again, we hypothesized that increasing sediment loads associated with greater amounts of agriculture would lead to reduced growth. Contrary to our expectations, we found greater growth in areas with greater amount of agriculture, possibly due to increased nutrients (N and P in MRB rivers) leading to increased food availability (increase chlorophyll a), along with warmer temperatures in the MRB rivers. Morris & Corkum (1999) in rivers with grassy riparian vegetation compared to those with forested banks to increased N levels and warmer temperatures. They also indicated if there were more rest lines associated with greater disturbances in the grass-lined areas then their calculation of growth rates was conservative. The assessment of growth we conducted combined measurements taken throughout each river (lower, middle and upper stretches). Thus, while there may be differences in rest periods within a river, our analysis would include this variability. However, differences in rest periods among rivers could influence our findings. All of our rivers freeze in the winter providing at least one annual rest line. It seems more likely that additional rest periods would be found in the MRB rivers since they have more periods of high temperature, greater TSS, and higher levels of ammonia. If this was the case, and the number of MRB rest periods is higher, then actual rates of growth in the MRB rivers would be even greater. Strayer & Fetterman (1999) 18.0-Chippewa R.
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26.6-Le Sueur R. Varies based on season-riverine mussels only e Varies based on temperature also suggested that increased N and P levels led to an increase in sizes for two species of mussels sampled 30 years apart. However, increased nutrients do not always lead to increased growth. Bartsch et al. (2017) suggested increased N and P led to reduced growth in Lampsilis siliquoidea because of a shift from smaller green algae to larger blue-green algae resulting in reduced feeding and growth. Despite the impact on growth in L. siliquoidea, there was no effect on growth of L. cardium. Food availability has also been implicated in influencing growth rates. Haag & Rypel (2011) , citing a number of studies, indicated that mussels grow more rapidly in rivers and lakes that are productive and that food limitation can result in decreased shell size and growth rates. Fritts et al. (2017) found that mussel size increased in the US over the past 1000 years, and they attributed this to human impacts including increased nutrients from agriculture and municipal inputs and the development of impoundments. The higher growth in the MRB rivers was attained despite the higher levels of suspended solids in these systems. Roper & Hickey (1995) suggested that mussels could maintain high levels of nutrition even under high levels of suspended solids by producing copious amount of pseudofeces. This assumes that sufficient food is available even with high levels of suspended solids. Singer & Gangloff (2011) found higher growth rates below small dams with higher suspended solids but they attributed this to higher levels of organic matter and a higher organic-to-inorganic content. While we assume most of the suspended solids in the MRB are inorganic, it is certainly possible that there are also high levels of organic matter in the water column. Unfortunately, data for volatile suspended solids were not available through the MNPCA website. Finally, Tuttle-Raycraft & Ackerman (2018) found that the size and quality of suspended solids may influence feeding rates in unionids. They found that clearance rates of mussels in a fine silt treatment were higher than for treatments of mixed sediment, clay or coarse silt. They also found that the fine silt treatment contained more algal particles and had the highest protein and lipid content, suggesting clearance rates are higher on a more nutritious diet. Again, we have no information on the size fractions of suspended solids from our river systems.
While growth was higher in the MRB than the Snake River, there were differences in growth between the species examined. We hypothesize that species displaying equilibrium life history traits would have lower growth rates than those displaying periodic life history traits. In our study, L. cardium had higher growth than A. plicata. This difference is consistent with the idea that L. cardium displays periodic life history traits associated with faster growth rates compared to those of an equilibrium species such as A. plicata. The K values from our study for A. plicata (0.06-0.11) overlapped with those reported by Haag & Rypel (2011) (0.07-0.21 ) while our L ? levels (152-163 mm) were greater than those reported by Haag & Rypel (2011) (87-138 mm) . The populations described in Haag & Rypel (2011) are from southern US states (Arkansas, Alabama and Mississippi), which might account for the higher range of growth found. Haag (2012) suggests that slower growing mussels live longer than faster growing mussels thus Rypel & Haag's (2011) higher growth rates could result in shorter life spans and smaller maximum shell lengths for southern populations. Haag & Rypel (2011) report that in seven of ten sexually dimorphic species there were significant differences in growth between sexes. These differences were not consistent, in some species females grew faster while in others males grew faster. In most cases, males grew to a larger maximum size than females. In our study, female L. cardium grew faster than males which was opposite of our hypothesis, but males grew to longer sizes in all rivers suggesting males may live longer. It was especially noticeable in the Le Sueur River where female L. cardium grew twice as fast as males and had a shell length that was 63% smaller than males.
There are a number of possibilities to explain why mussel growth and energy storage is higher in rivers with a greater degree of agriculture while mussel abundance and diversity were lower as found by Hornbach et al. (2019) . First, lower mussel density found in agriculturally impacted rivers could reduce competition for food and thus individuals could grow larger. Fréchette et al. (1992) found this effect in marine mussel populations. Baker & Hornbach (2000) showed that native mussels infested with zebra mussels had lower nutritional content and physiological responses than uninfested mussels. They suggested that the native mussels were starving, indicating the possibility of competition for food. Kesler et al. (2007) found that food limitation in lakes resulted in reduced growth and body condition in Elliptio complanata. Ferreira-Rodriguez et al. (2018) suggested a similar impact of the invasive Corbicula fluminea on native mussels. Vaughn & Hakenkamp (2001) and Strayer (2008) both point out that while there may be food limitation for unionid mussels, this is likely only to occur if feeding rates are sufficient to reduce the surrounding food resources. Strayer (2008) goes on to point out that food limitation is likely to occur if the environment is unproductive, feeding rates are high, or if there is a high ratio of inorganic to organic suspended solids. Second, at high levels of suspended solids there could be negative impacts on the availability of sperm for reproduction leading to reduced reproduction. Gascho Landis & Stoeckel (2016) found that even when the organic matter content of suspended material was high there were negative impacts on reproduction in mussels. Thus, high food availability, which would support higher growth, coupled with high-suspended solids could still result in lower population sizes due to reproductive failure. Gascho Landis et al. (2013) and Gascho Landis & Stoeckel (2016) found that while increasing TSS resulted in reduced reproduction, there was no impact on growth rates or caloric density supporting the idea that TSS may have differential impacts on recruitment and growth. Third, high ammonia levels, found in rivers with greater amounts of surrounding agriculture land could also lead to recruitment failure. A number of studies have shown that high ammonia levels, especially in sediments, are toxic to juvenile mussels and glochidia (Augspurger et al., 2003; Newton & Bartsch, 2007; Wang et al., 2008; Strayer & Malcom, 2013; Bril et al., 2017) . Thus, while the number of juveniles may be reduced by high ammonia levels, those that do survive could grow faster because of the greater food resources available in rivers with high nutrient loads. Finally, there could be differences in juvenile survivorship due to differences in bed sediment stability among rivers. Poff et al. (2006) found that areas in the central portions of the US with high levels of agriculture had a decrease in minimum flows and a reduction in flow variability. This likely leads to finer bed sediment substrates with lower stability, which could lead to reduced recruitment of juveniles. Ries et al. (2016) found that discharge levels influenced mussel recruitment, with the highest recruitment when discharge was low in April, but high in July. Arbuckle & Downing (2002) and Niraula et al. (2017) suggested that high rates of bed sediment accumulation and transport might result in low levels of mussel survival. Similarly, in a side channel of the Upper Mississippi River, survival of four species of adult mussels was strongly influenced by substrate movement during low flow conditions (Newton et al., 2018) . The differences in habitat requirements for juvenile and adult mussels could be an explanation for the difference in the impact of increased agricultural land use on abundance and growth in freshwater mussels.
This study, coupled with that of Hornbach et al. (2019) , suggest that there are differential impacts of agriculture at the level of the individual and the population/community. These results suggest that additional data are needed to understand the coupling of risk assessment with the level of risk detection. The assessment of adverse outcome pathways and environmental risk (Kramer et al., 2011; Raimondo et al., 2018) is an area of increasing interest among resource managers.
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